Orthographic learning refers to the acquisition of knowledge about specific spelling patterns forming words and about general biases and constraints on letter sequences. It is thought to occur by strengthening simultaneously activated visual and phonological representations during reading. Here we demonstrate that a visual perceptual learning procedure that leaves no time for articulation can result in orthographic learning evidenced in improved reading and spelling performance. We employed taskirrelevant perceptual learning (TIPL), in which the stimuli to be learned are paired with an easy task target. Assorted line drawings and difficult-to-spell words were presented in red color among sequences of other black-colored words and images presented in rapid succession, constituting a fast-TIPL procedure with color detection being the explicit task. In five experiments, Greek children in Grades 4-5 showed increased recognition of words and images that had appeared in red, both during and after the training procedure, regardless of within-training testing, and also when targets appeared in blue instead of red. Significant transfer to reading and spelling emerged only after increased training intensity. In a sixth experiment, children in Grades 2-3 showed generalization to words not presented during training that carried the same derivational affixes as in the training set. We suggest that reinforcement signals related to detection of the target stimuli contribute to the strengthening of orthography-phonology connections beyond earlier levels of visually-based orthographic representation learning. These results highlight the potential of perceptual learning procedures for the reinforcement of higher-level orthographic representations.
Introduction
Orthographic knowledge refers to information about representing spoken language in written form. It includes stored representations of specific written words and word parts as well as knowledge of general patterns governing speech sound representation and constraints on letter use (Apel, 2011) . Literacy development depends on orthographic knowledge for efficient word recognition and spelling (Apel, 2009) . The acquisition of orthographic knowledge has been studied focusing primarily on the initial registration and recognition of novel, i.e., previously unknown, letter strings, corresponding either to pseudowords or to orally known words. Less attention has been paid to the strengthening of potentially existing orthographic representations of known words that may be too weak to permit fluent reading and accurate spelling.
In the present study we are concerned with the role of a necessary but neglected aspect of orthographic representation learning, namely visual perceptual processing. Visual processes mediate orthographic input prior to the activation of phonological or other aspects of lexical knowledge, therefore their efficiency can be expected to have downstream effects in higher-level orthographic representations. In particular, we examine the hypothesis that reinforcing visual processing of specific words will also enhance their orthographic representation beyond early perceptual processing. To reinforce word representations we apply an incidental perceptual learning procedure that requires no conscious effort directed at orthographic processing itself. If successful, the procedure should result in improved reading and spelling of the trained words. 
Orthographic learning
The origin and the nature of orthographic learning are of crucial importance but remain poorly understood (see reviews in Castles & Nation, 2006 Nation & Castles, 2017; Share, 2008b) . Exposure to print is associated with enhanced word recognition performance (Chateau & Jared, 2000) , suggesting a crucial role of reading experience in reading efficiency. However, it is not clear what is involved in the self-optimization of the reading processes. It has been established that co-activation of orthographic and phonological representations, that is, pronouncing or hearing the visually presented words, plays a crucial role in the formation of links between orthographic and phonological representations that underlie skilled reading and spelling (Ehri, 2005; Share, 1999 Share, , 2004 Share, , 2008b . Orthographic learning also occurs with silent reading (Bowey & Muller, 2005; de Jong, Bitter, van Setten, & Marinus, 2009; de Jong & Share, 2007) , highlighting the role of print exposure while upholding a crucial role for phonological involvement through ''inner speech" processes.
Notably, studies of orthographic learning to date have focused almost exclusively on the-ecologically justified-case of learning via reading. That is, participants, typically young children, are asked to read (aloud or silently) the critical items, either in isolation or embedded in meaningful sentence contexts (e.g., de Jong & Share, 2007; Nation, Angell, & Castles, 2007) . A lexical decision task has also been used in a few studies (e.g., de Jong et al., 2009) . Either way, children's attention is explicitly drawn to the critical items, that is, the novel letter strings, by means of a deliberate act of reading, actively involving some form of conscious phonological decoding. However, there is no theoretical requirement of explicit decoding, as might typically occur in such tasks; any potential route or mode of activating the phonological form of the word simultaneously with its orthographic form would conceivably suffice (cf. Share, 2008b) . Thus, in the present study we explore the possibility that an incidental exposure procedure in which no explicit reading is required may nevertheless result in orthographic learning, possibly via implicit phonological activation.
Factors beyond phonological processing may also mediate the effects of print exposure and contribute to orthographic learning (Cunningham, Perry, Stanovich, & Share, 2002) , with visual processing being a primary candidate (Bosse, Chaves, Largy, & Valdois, 2013 ; but see Nation & Castles, 2017 , for a critical discussion). Repeated reading has been found to increase reading fluency, an effect thought to be mediated primarily by orthographic learning (Lemoine, Levy, & Hutchinson, 1993; Levy, Nicholls, & Kohen, 1993; Martens & De Jong, 2008) , consistent with visual episodic transfer between repeated encounters with specific words (Levy, Di Persio, & Hollingshead, 1992) . Bosse et al. (2013) drew attention to ''the simultaneous processing of all the orthographic units of a word" (p. 3) as a crucial visual attentional component of orthographic learning. Indeed, the number of letters that can be simultaneously recognized when rapidly presented is particularly associated with silent reading skill (van den Boer, van Bergen, & de Jong, 2014) . Further support for the role of visual processing comes from studies showing that mixing uppercase and lowercase letters disrupts orthographic learning (Martens & de Jong, 2006) .
Given that visual processes must carry the burden of identifying visual stimuli as letters toward the activation of orthographic representations, it stands to reason that more efficient visual processing may benefit or facilitate orthographic processing. Such effects may conceivably be independent from-or complementary tothe need for phonological activation, or they may interact with phonological activation efficiency to modulate orthographic learning. At any rate, an empirical question arises regarding the roleand the potential-of perceptual learning procedures to affect orthographic learning and the extent to which they may do so in the course of regular reading exposure, in addition to whatever crucial (and indisputable) role is played by the activation of the phonological form. This neglected aspect of orthographic learning is the one we begin to address in the present study, focusing on bottom-up effects.
Fluent reading requires efficient word recognition, that is, automatic recognition of the letter strings that make up known words (Wolf & Katzir-Cohen, 2001) . From this point of view, word recognition operates largely on the basis of orthographic knowledge (Castles & Nation, 2006; Nation & Castles, 2017) . That is, learning to read fluently amounts to acquiring accurate and stable orthographic patterns (Martin-Chang, Ouellette, & Madden, 2014) plus developing a set of efficient processes to deploy this knowledge over word sequences (cf. Protopapas, Altani, & Georgiou, 2013; Zoccolotti, De Luca, & Spinelli, 2015) . Moreover, spelling is but the expression of orthographic knowledge in writing, because accurate spelling is defined as the production of the appropriate letter strings corresponding to the intended words. Therefore orthographic knowledge forms the basis of spelling as well (consistent with strong learning transfer effects between reading and spelling; Conrad, 2008) . And because spelling depends entirely on internal orthographic representations, lacking the benefit of external cues to help define or disambiguate words, spelling skill is considered a more stringent index of orthographic knowledge than reading efficiency (Holmes, Malone, & Redenbach, 2008; Shahar-Yames & Share, 2008) .
In addition to knowledge of how specific words are spelled, the term orthographic learning has also been applied to general knowledge about spelling patterns and constraints on letter use (Apel, 2011) . This kind of knowledge is statistical in nature, rather than rule-based (Pacton, Fayol, & Perruchet, 2005) and seems to be acquired implicitly, through exposure to written language, very early on (Cassar & Treiman, 1997; Pacton, Perruchet, Fayol, & Cleeremans, 2001; Pollo, Kessler, & Treiman, 2009; Taylor, Plunkett, & Nation, 2011) . The statistical regularities of spelling patterns seem to be extracted on the basis of knowledge of individual words, as suggested by studies of the development of morphological spelling, that is, spelling of inflectional and derivational affixes (Chliounaki & Bryant, 2007; Pacton & Deacon, 2008) . These findings suggest that (a) strengthening of recurring spelling patterns may be more fruitfully approached via reinforcement of orthographic representations for particular words rather than by the teaching of abstract rules; and (b) implicit learning through exposure to words may be effective in strengthening statistical orthographic knowledge not only in beginner readers but in older children as well. Thus, an effective orthographic learning procedure emphasizing specific words seems likely to generalize to other words with common patterns, affecting orthographic representations more generally (Tucker, Castles, Laroche, & Deacon, 2016) . To achieve this, we have adapted a well-known procedure from the perceptual learning literature, well-suited to incidental, visually mediated learning.
Task-irrelevant perceptual learning
Task-irrelevant perceptual learning (TIPL; ) is the phenomenon whereby detection or discrimination of task-irrelevant stimuli improves when they are consistently presented at behaviorally relevant times , such as simultaneous with task targets (Seitz, Lefebvre, Watanabe, & Jolicoeur, 2005; Seitz & Watanabe, 2003) or rewards (Seitz, Kim, & Watanabe, 2009 ). This learning is attributed to the elicitation of nonspecific neuromodulatory signals, resulting from behaviorally relevant events, that interact with attentional mechanisms to select and reinforce neural activity that is correlated with these signals (Hoffing & Seitz, 2015; Leclercq & Seitz, 2012c) . TIPL has been primarily studied in the context of low-level perceptual processing, often with the task-irrelevant feature being unattended or even subliminal, however TIPL is hypothesized to be a general mechanism of brain plasticity that extends across both high and low level neuronal representations (see reviews in , 2009 .
More recently, a fast-TIPL variant has been developed, leading to the formation of visual perceptual memories-involving complex and clearly perceived stimuli-that are demonstrated in explicit recognition tasks (Leclercq & Seitz, 2012a , 2012b , 2012c , 2012d . In fast-TIPL procedures, participants observe two streams of stimuli and respond to targets in one of them, resulting in relatively better recognition of items in the other stream that were simultaneous with the targets. Fast-TIPL has been shown to benefit both ''know" and ''remember" responses, associated with familiarity and episodic information, respectively, indicating ''deep enhancement in the memorization of target-paired information" (Leclercq, Le Dantec, & Seitz, 2014, p. 10) . It has been alternatively termed ''attentional boost effect," evidenced in a memory advantage for background stimuli presented concurrently with task targets (Swallow & Jiang, 2010 , 2014 see Swallow & Jiang, 2013, for review) . These studies induced dual-task situations insofar as participants were instructed to attend to the background images while processing the centrally presented targets (Leclercq & Seitz, 2012d) .
Only a few studies have used word stimuli in the investigation of TIPL and the attentional boost effect. Dewald, Sinnett, and Doumas (2011) presented words and pictures simultaneously, instructing their participants to ignore one kind of stimuli and respond to repeated items in the other. In a following surprise recognition test they found an inhibitory, rather than facilitatory, effect on recognition memory of unattended stimuli paired with targets. Subsequently, Dewald, Sinnett, and Doumas (2013) repeated the experiment with objects being the attended stimuli and superimposed words to be ignored. They increased the rate of presentation and the total exposure (using a single targetpaired word for each participant) and obtained the expected memory enhancement effect for the target-paired word, in contrast to Dewald et al. (2011) and Swallow and Jiang (2011) for unattended stimuli. They attributed the discrepant effect to the frequent exposure to a single highly salient stimulus, in contrast to the multiple target-paired stimuli, each presented infrequently, in the previous studies. This suggests that recognition of specific words may improve in incidental learning procedures given multiple reinforcement opportunities.
Almost all aforementioned studies used an explicit recognition task to assess memory facilitation for target-paired items. In contrast, Spataro, Mulligan, and Rossi-Arnaud (2013) tested implicit memory enhancement using a priming paradigm, in which a stream of words was read aloud by the participants while they simultaneously monitored the color of stimuli appearing below the word and responded to the red ones. Results showed an attentional boost effect for target-paired words both in an explicit recognition task and in two arguably implicit tasks, namely lexical decision and fragment completion, consistent with functional effects on word representations beyond task-specific episodic learning.
In sum, a number of studies have established the enhancement of perceptual processing and memory formation for target-paired stimuli, including words. However, there are many questions that remain unanswered. While most studies have targeted purely visual perceptual processing, it is likely that learning in these procedures also takes place at more abstract levels of representation, especially after multiple trials of reinforcement. In particular, the aforementioned effects with words raise the possibility that orthographic or even lexical learning may be involved. Moreover, most studies reporting fast-TIPL effects have explicitly instructed participants to attend to two distinct tasks, or stimulus streams, and have tested for memory effects in explicit procedures. It is unknown whether the effects would be obtained with integrated stimuli presenting an attended and an unattended dimension, such as form versus color. This is important because learning cannot be said to be entirely incidental in the context of a dual task in which both streams must be explicitly attended. Can learning be demonstrated for a stimulus dimension that participants have no reason to explicitly turn their attention to? These issues were addressed in the present study.
Perceptual learning as a method to train orthographic representations
Although the relations of indices of orthographic knowledge to other literacy and cognitive measures have been somewhat explored, the mechanisms of orthographic learning remain sorely under-researched (Castles & Nation, 2008; Share, 2008b) . In the present study we begin to address this gap in the literature by examining the potential of perceptual learning to strengthen orthographic representations, as indexed by effects on word recognition, spelling, and reading fluency. Specifically, we applied a fast-TIPL procedure to reinforce the orthographic representations of a set of specific target words, in comparison to a nontarget set. Target items attained target status in the context of an easy color detection task, by being displayed in a target color, whereas nontarget items were presented equally often but were not set up to be associated with successful task performance. Children in Grades 4-5 were asked to respond to the target color; they were not required to process the words. In fact they had neither reason nor time to deliberately pronounce the words, either overtly (via articulation) or covertly (via inner speech processes). According to fast-TIPL, we predicted that words presented as targets would be later recognized better than nontargets.
In the first four experiments we concentrated on the general properties and conditions of learning in this procedure, aiming to confirm the origin and magnitude of baseline learning effects, consistent with the TIPL literature and the theoretical underpinnings of the TIPL effect. Having established a robust visual learning effect that extends not only to images but also to words, in Experiments 5 and 6 we turned our attention to examining the extent of frank orthographic learning with a more intensive exposure schedule and a focus on reading and spelling outcome measures.
The experiments were conducted in the Greek language, which is relatively transparent but asymmetrically so: Consistency has been estimated at 95% at the grapheme-phoneme level in the feedforward (reading) direction but only 80% in the feedback (spelling) direction (Protopapas & Vlahou, 2009 ). The discrepancy is mainly due to the availability of multiple alternative spellings for three of the five vowels; there are also alternative spellings for some consonants, including unpredictable double consonants of no phonological consequence (Protopapas, 2017) . Content words are inflected and include historically derived roots, optional derivational affixes, and obligatory grammatical suffixes, all of which present particular spelling challenges (Papanastasiou, 2008) . Specifically, suffixes can be spelled by knowledge of grammatical type but roots require lexical knowledge and can be very idiosyncratic (Protopapas, Fakou, Drakopoulou, Skaloumbakas, & Mouzaki, 2013) . In the following experiments we focused primarily on challenging word stems, aiming to reinforce the orthographic representations of specific difficult-to-spell words.
Experiment 1
In the first experiment we sought to investigate whether fast TIPL occurs with visual words and line drawings in which taskrelevant and task-irrelevant dimensions are integrated in the same stimuli. Line drawings were used, in addition to words, for two reasons: First, to assess the generality of any observed effects; and second, to test the general applicability of fast-TIPL to integrated stimuli (with task-relevant and task-irrelevant dimensions) independently of its particular effectiveness with words, which are arguably very special attention-grabbing stimuli. Following usual practice in the fast-TIPL literature, learning of the line drawings was tested immediately after each trial, within the training procedure.
Moreover, we aimed to minimize any awareness of the importance of words in the procedure. This precluded testing word learning within the training procedure (as typically done for fast-TIPL effects) and necessitated resorting to a post-training test only. Because we were specifically interested in incidental learning effects, rather than in the outcome of deliberate word reading practice, there was no mention of the role of words or of any subsequent word testing. Intermixing a few words with many images was aimed at distracting attention away from the fact that words were the main focus of the experimental manipulation. Words were never tested during training, although every target detection sequence was followed by an image recognition test. This ensured attention to the sequences throughout the trial but also indirectly discounted the relevance of words as potential targets of assessment.
Therefore, the differential requirements of making contact with the fast-TIPL literature vs. directing attention away from the words have led to an asymmetry between tests of learning for line drawings (within the training session) and for words (after exposure was completed). This confound between material type and testing time is addressed later, in Experiment 4.
Method

Participants
Forty-seven children (26 girls) attending Grade 5 (about 11 years old) participated in the study with parental consent, after obtaining permission from the Ministry of Education, the school principal, and the class teacher.
Stimuli
The critical stimuli were 10 pairs of words, determined from previous studies to be difficult to spell correctly (typical performance 20-25% correct in Grades 4-5). The two words in each pair were similar (not fully matched) in length, syllable structure and phonemic constituency. One member of each pair was assigned to word target set A and the other to word target set B. Word sets are listed in Appendix A.
A set of 20 black and white line drawings were selected from various online sources and clip-art collections, including cartoon characters, animals, and familiar objects. Half of these were assigned to image target set A and the other half to image target set B.
An additional set of 250 black and white line drawings from the same sources were assigned to serve as filler items. They depicted cartoon characters, animals, objects, or decorated individual letters and digits. The dimensions of all images were within 15% of 250 Â 200 pixels, varying in orientation.
The words and images were used to construct training sequences, as follows: Each sequence contained 10 items. In each sequence, two positions between 4 and 8 (inclusive) were designated as target and nontarget positions. The other 8 positions were occupied by filler items. There were two types of training sequences: In word sequences, the target was a word from target set A and the nontarget was a word from target set B. In image sequences the target was an image from target set A and the nontarget was an image from target set B. Each item from one target set appeared in every position and was paired with every item in the other target set, for a total of 50 combinations. Each combination was repeated four times, for a total of 200 training trials per run. Word targets were always paired exclusively with word nontargets and image targets with image nontargets. A complementary set of training sequences was constructed in the same way except that targets were sampled from target group B and nontargets from target group A. Thus there were two training runs such that the targets of one of them were nontargets in the other. In every sequence, the target was presented in red rather than black (red font, for words, or an edited version in which black was replaced with red, for images). Fig. 1 displays a schematic of the training sequences.
Procedure
There were four phases in the experimental procedure. In the first phase participants were given a group spelling test including the 20 critical words, dictated by the teacher during class. This was the pre-training spelling test.
The second phase included the training run. Twenty-four children were designated as ''Group 1" and received the training run with word set A as targets and word set B as nontargets; the remaining 23 children (''Group 2") received the training run with word set B as targets and word set A as nontargets. There were 200 training trials in the training run, broken down into 4 blocks of 50 trials each. Each trial included a target detection sequence and an immediate image recognition test. The target detection sequence was one training sequence of 10 elements, as defined above. Successive elements in the sequence were displayed for 133 ms with an inter-stimulus-interval (ISI) of 366, 300, 266, and 266 ms, in Blocks 1, 2, 3 and 4, respectively. Children were instructed to carefully watch the rapidly flashing sequence and to press a button (right Ctrl on the keyboard) as soon as they saw something red. A demo set of six training sequences (video) can be found in online supplementary materials.
The immediate recognition test was a forced-choice test following each training sequence. As soon as a target detection sequence ended, a screen displayed the question ''Did you see the following picture in this run?" for 667 ms, followed by an image centered on the screen. Children responded by pressing the right Ctrl key for a positive response or the left Ctrl for a negative response. The image was always presented in black and remained on screen until a response was recorded, up to a maximum of 4000 ms. In the image-target trials, the presented image was either the target or the nontarget. In the word-target trials, the presented image was either another image in the sequence (the one immediately preceding the target, or the one in position 8 if the target was in position 4) or an image not included in the sequence. Therefore the correct response was positive in 75% of the trials (i.e., 100% of the image trials and 50% of the word trials; see also Fig. 1 ). No words were ever displayed in the immediate recognition test. This was aimed to discount the importance of the words for the participants, permitting them to quickly discover that they did not need to pay any particular attention to the words (e.g., by pronouncing them).
On completion of each block, there was a congratulatory message accompanied by the percentage of correct target detections displayed as ''score" and the child was informed that they would proceed to the next ''level," signaled by a permanent minor change in background hue (hexadecimal RGB: #FFFFFF, #DCDCFF, #DCFFDC, #FFDCDC, for blocks 1-4, respectively).
The third phase consisted of a post-training word recognition test (i.e., a new/old judgment, termed according to the standards of the memory literature; not to be confused with the psycholinguistic field of word recognition), administered as soon as training was completed. The 20 critical words (10 targets and 10 nontargets) and 20 similar words not presented during training were individually presented on the screen in random order in 26-pt black Arial font and children indicated, for each word, whether it had been included in the training run or not, by pressing the right or left Ctrl key, respectively. The word remained on the screen until the response was recorded, up to a maximum of 15 s. This test, as well as the training sequences and associated immediate recognition tests were all implemented in DMDX (Forster & Forster, 2003) .
Finally, in the fourth phase a follow-up group spelling test was administered in class after completion of the training of all children (9-35 days after individual participants; M = 21.6 days, SD = 7.0; the large range is because group testing was administered after all children in Experiments 1 and 2 had completed the training phase). The 20 critical words were dictated by the teacher, as in the pre-training spelling test.
Data analysis
Accuracy data were analyzed with generalized linear mixedeffects models (LMEM) with crossed random effects for participants and items (Baayen, 2008; Baayen, Davidson, & Bates, 2008) , using a binomial model (Dixon, 2008 ) via a logit link (Jaeger, 2008) , fitted using restricted maximum likelihood by package lme4 (Bates, Maechler, Bolker, & Walker, 2014 ) in R v.3.0.2 (R Core Team, 2013 . Fixed effects of interest were also included in the random structure (Barr, Levy, Scheepers, & Tily, 2013 ; fully maximal structures were not possible due to convergence problems, and were also not statistically significant; cf. Bates, Kliegl, Vasishth, & Baayen, 2015) . Numeric variables were centered and nominal variables were deviation-coded, to permit estimation of main (i.e., average) effects.
The mixed-effects analysis permits simultaneous modeling of the two sampled grouping factors, namely individual participants and individual words, as independent sources of variance. In our experimental design, the desired learning effects occur within both of these factors. Specifically, an effect of fast TIPL would be evident as a difference between the two participant groups in the difference between the two target sets, consistent with better performance of each group on the respective target set, relative to the nontarget set. In the context of the applied LMEM with crossed random effects, this amounts to a significant group Â set interaction in each post-training test.
Results
Training
Target detection responses with latencies less than 200 ms (0.5%) or greater than 2500 ms (0.1%) were marked as incorrect. Mean target detection accuracy was 0.96, individually ranging between 0.80 and 1.00 (M = 0.96, SD = 0.04) for image sequences and between 0.86 and 1.00 (M = 0.96, SD = 0.04) for word sequences. Fig. 2 (top row, left) shows the proportion of correct responses (target detection) as a function of target position and sequence type. Trial-level binomial accuracy data (hits/misses) were submitted to mixed-effects analysis with fixed factors of target type (word vs. image), and target position (4 through 8, centered). Random factors included intercepts for participants and items and random slopes for sequence type (per participant) and for participant group (per item). There was no significant main effect of target type (b = 0.07, z = 1.03, p = 0.305) but there was a significant linear trend of target position (b = À0.32, z = À7.96, p < 0.001) indicating somewhat decreasing accuracy through the sequence. The interaction between target type and target position was not significant (b = 0.05, z = 1.33, p = 0.184). Overall, these data show good compliance with the training task.
Immediate image recognition test
In the immediate image recognition test, responses with latencies less than 200 ms (0.02%) or greater than 3000 ms (0.06%) were marked as incorrect. The linear effect of image position was also significant (b = 0.27, z = 11.23, p < 0.001), consistent with more recently seen images remembered better, and it was significantly less for nontargets than for other images (b = 0.13, z = 2.37, p = 0.018) or for targets (b = À0.15, z = À2.34, p = 0.019). These data are consistent with a fast-TIPL effect for images.
Post-training word recognition test
In the word recognition test, responses with latencies greater than 9000 ms (0.43%) were marked as incorrect. There were no responses with latencies less than 200 ms. Fig. 2 (top row, third column) shows the proportion of positive responses (recognizing the word as present in the training procedure) for target vs. nontarget words (aggregated across participant groups). Trial-level binomial response data (positive vs. negative) 1 were submitted to analysis with fixed factors of word set (target set A vs. target set B) and participant group (1 vs. 2). Random factors included intercepts for participants and items and random slopes for word set (per participant) and participant group (per item). The main effects of participant group (b = 0.22, z = 1.88, p = 0.060) and word set (b = À0.05, z = À0.57, p = 0.566) were not significant, but there was a significant interaction (b = 0.33, z = 2.93, p = 0.003), consistent with higher performance for target (i.e., red) words. These results demonstrate a fast-TIPL effect for words persisting beyond the training task.
Fig. 2. Results from all tasks (columns) in Experiments 1-3 (rows)
. The horizontal scale is identical within each column. The vertical scale ranges between 0.5 and 1.0 in all panels except for the rightmost column, in which it is 0.0-0.5. Error bars show Fisher's Least Significant Differences, calculated using R package ez (Lawrence, 2013) , to facilitate within-subject comparisons.
Spelling test
There were no missing data in the spelling tests. Individual word binomial accuracy data (correct vs. incorrect) were submitted to analysis with fixed factors of word set (A vs. B) and participant group (1 vs. 2). Random factors included intercepts for participants and items and random slopes for word set (per participant) and participant group (per item). Before training, there was no main effect of word set (b = 0.30, z = 0.91, p = 0.363) and no interaction between participant group and word set (b = 0.18, z = 1.66, p = 0.096). There was a significant effect of group (b = 0.32, z = 2.51, p = 0.012). After training, there was again no main effect of word set (b = 0.19, z = 0.81, p = 0.418), a significant effect of group (b = 0.32, z = 2.41, p = 0.016), and no significant interaction between participant group and word set (b = 0.17, z = 1.79, p = 0.073).
In combined analysis of before-and after-training performance, by adding a fixed factor of ''time" (pre vs. post) interacting with group and set, there was a significant main effect of time (b = 0.27, z = 3.88, p < 0.001) but no interaction of time with group (b = À0.04, z = À0.55, p = 0.586) or with word set (b = À0.05, z = À0.79, p = 0.431) or triple interaction (b = 0.01, z = 0.14, p = 0.892), suggesting that there was significant overall improvement in spelling these words, but no differential improvement across groups or word sets.
To ensure that these findings were not due to the limited sensitivity of the whole-word accuracy metric, we identified critical graphemes in each word (3-7 per word; listed in Appendix A) and counted the number of spelling errors in each word. Critical graphemes corresponded to word phonemes that could be spelled using different graphemes without compromising phonological word identity (i.e., possible ''orthographic" spelling errors; see , for definition and examples). The number of spelling errors was analyzed with linear mixed-effects models, calculating p values based on the Satterthwaite approximation using package lmerTest (Kuznetsova, Brockhoff, & Christensen, 2014) . This analysis replicated the findings of accuracy analyses in that there was no interaction of participant group with word set either before (b = 0.02, t = 0.84, p = 0.403) or after (b = 0.02, t = 0.85, p = 0.398) training, and in the combined pre/post data there was a significant effect of time (b = 0.09, t = 4.55, p < 0.001) but no interaction of time with either group (b = À0.01, t = À0.41, p = 0.684) or word set (b = À0.03, t = À1.78, p = 0.076) and no three-way interaction (b = À0.001, t = À0.05, p = 0.963).
Discussion
The results demonstrated TIPL for attended central images with task-relevant (color) and task-irrelevant (form) features bound to the same images. This confirms that TIPL occurs with integrated stimuli and not only with dual streams of distinct stimuli. The in-training recognition test showed increased performance for individual images at the trial level, establishing the baseline perceptual learning effect. In addition, the post-training word recognition test (i.e., old/new familiarity judgment) showed increased performance for words presented as targets relative to nontargets, even though both word sets were presented an equal number of times and in the same training sequences. It seems that the multiple presentations paired with target status made words more recognizable at the session level. This finding is consistent with Dewald et al. (2013) but goes well beyond that as it applies simultaneously for several words (ten instead of one) and with a lot fewer trials per word (ten instead of 120). However, no transfer to spelling performance was observed, as there was no difference between target and nontarget words at follow-up. Therefore, there was no evidence for true orthographic learning in this experiment. Although there was an unexpectedly large spelling improvement from pre-to post-training, the differential effect on targets versus nontargets was not significant. Before addressing further the issue of transfer to spelling, in the next experiments we first consider two possible objections to the TIPL account for the observed learning. Specifically, in Experiment 2 we examine the role of the immediate (in-training) recognition test and in Experiment 3 we address the red color manipulation that makes the target stand out from all other stimuli.
Experiment 2
One concern that may be raised regarding Experiment 1 is that the learning effect may not arise solely from target detection, as hypothesized by the TIPL approach, but may also depend on the constant requirement for concentration that is enforced in every trial by the immediate test question. Specifically, the immediate recognition test effectively results in a dual-task procedure, in which participants must attend not only to the color but also to the identity of the targets, in order to answer the question (even though words are never tested during training). Thus the posttraining recognition performance cannot be considered due to truly incidental learning. Therefore, the question arises, in the context of our experiment: Would participants still benefit from target detection if they did not expect to be tested on image recognition in every trial? To address this question we simply conducted the same experiment eliminating the immediate test questions.
Method
Participants
Forty-six children (19 girls) attending Grade 4 (about 10 years old) participated in the study with parental consent, after obtaining permission from the Ministry of Education, the school principal, and the class teacher. Half (23) of the children were randomly assigned to each group (1 and 2).
Stimuli
The stimuli were identical to those in Experiment 1.
Procedure
The procedure was identical to that in Experiment 1 with one exception: There was no immediate recognition test following each target detection sequence. As soon as a sequence ended, participants moved on to the next one, with a 400-ms intertrial interval. The reduced training phase took about 30 min to complete, compared to about 34 min for Experiment 1. Participants were not instructed to try and remember the images and were not warned that they would be tested afterwards. Post-training recognition testing as well as pre-training and follow-up spelling testing were the same as in Experiment 1. The follow-up spelling test was administered 1-10 days after completion of the training (M = 7.1 days; SD = 3.1).
Results
Training
Responses with latencies less than 200 ms (0.75%) were marked as incorrect. There were no RTs greater than 2500 ms. Mean target detection accuracy was 0.93, individually ranging between 0.62 and 1.00 (M = 0.89, SD = 0.10) for image sequences and between 0.66 and 1.00 (M = 0.90, SD = 0.09) for word sequences. 
Post-training recognition test
Responses with latencies less than 200 ms (0.33%) or greater than 9000 ms (0.82%) were marked as incorrect. Fig. 2 (middle row, third column) shows the proportion of positive responses for critical words (recognizing the word as present in the training procedure) for each condition. Data were analyzed as in Experiment 1. The main effects of participant group (b = À0.12, z = À0.73, p = 0.465) and word set (b = À0.10, z = À0.79, p = 0.431) were not significant, but there was again a significant interaction (b = 0.33, z = 3.31, p = 0.001), indicating a fast-TIPL effect for the target words.
Spelling test
There were no missing data in the spelling tests. Data were analyzed as in Experiment 1. In the individual word binomial accuracy data, before training there was no main effect of participant group In the analysis of number of errors per word (on critical graphemes) there was again no interaction of participant group with word set either before (b = 0.03, t = 0.73, p = 0.475) or after (b = 0.003, t = 0.11, p = 0.914) training, and in the combined pre/-post data there was a significant effect of time (b = 0.07, t = 3.88, p < 0.001) but no interaction of time with either group (b = 0.003, t = 0.19, p = 0.853) or word set (b = À0.02, t = À0.63, p = 0.532) and no three-way interaction (b = À0.01, t = À0.69, p = 0.491).
Discussion
The results demonstrate that the in-training recognition task was not the factor causing children to recognize the words posttraining. Evidently, the target detection task is sufficient to produce changes outlasting the training procedure, as seen in the posttraining word recognition test. Notably, mixed results have been reported in the literature for conditions in which participants did not know in advance that they would be tested on recognition of the displayed stimuli and were not instructed to attend to both stimulus streams. Specifically, Swallow and Jiang (2011) found that the dual-task format was crucial for the emergence of attentional boost effects (Lin, Pype, Murray, & Boynton, 2010; Swallow & Jiang, 2010) . Dewald et al. (2011) even found a reversed effect when participants ignored the image stream. However, Leclercq and Seitz (2012d) showed that explicit memorization is not required for target-paired stimuli and that simply attending to them was sufficient for fast-TIPL to occur. This is consistent with the findings of the present procedure with integrated stimuli where the target color is a feature of the word and thus the word was necessarily attended during the training task.
As in Experiment 1, no transfer to spelling performance was observed, as the difference between targets and nontargets was not significant. In other words, the observed learning effect cannot be considered true orthographic learning. Again, the difference between pre-and post-training was beyond what might be expected for the intervening duration, causing concern over possible interference; this issue was addressed in the next experiment.
Experiment 3
A remaining issue regarding the source of the learning effect regards the role of the particular color chosen for the targets. In Experiments 1 and 2, every stimulus that was not a target was black and every target was red. Therefore there was a confound between target status and red color. It is conceivable that the color difference made target items stand out, thereby increasing attention and enhancing learning. In other words, it may be that children learned what was red, not what was a target. Although a case may be made for the elicitation of reward signals by salient visual events, such as a distinctive and infrequent color, it is theoretically important from the point of view of the TIPL approach that learning be associated specifically with self-reward, resulting from successful target detection.
To address this possibility, we repeated Experiment 1 with two color changes: Targets were now blue instead of red, and nontargets were red instead of black. In this way both targets and nontargets stood out from the rest of the stimuli. Moreover, targets were no longer displayed in the bright and attention-grabbing red but in an arguably less salient blue color. If it is the target detection event that drives learning then it should survive this manipulation. Alternatively, if it is color distinctiveness or attractiveness that underlies enhanced recognition, then the difference between targets and nontargets should disappear, or even reverse.
In addition, we took this opportunity to address the concern stemming from the difference in spelling performance between the pre-and post-training tests. To ensure that the teachers would not know the critical words, and therefore would not attempt to teach or use them in class (despite the experimenters' explicit request to refrain from such activities), we skipped the pretraining spelling test. Because of the counterbalancing of targets between participant groups it is possible to detect spelling performance differences attributable to training without a pre-training baseline.
Method
Participants
Fifty-two children (25 girls) attending Grades 4 and 5 (10-11 years old) participated in this experiment, including 27 in Group 1 and 25 in Group 2. Group assignment was balanced across sex and grade.
Stimuli
The stimuli were identical to those in Experiment 1, except that targets were shown in blue and nontargets were shown in red.
Procedure
The procedure was identical to that in Experiment 1, except that there was no pre-training spelling test. Participants were administered only the follow-up spelling test, which now included not only target sets A and B but also the 20 distractor words from the posttraining word recognition test (40 items total).
Results
Training
Target detection responses with latencies less than 200 ms (2.1%) or greater than 2500 ms (0.2%) were marked as incorrect. Mean target detection accuracy was 0.83, individually ranging between 0.42 and 0.99 (M = 0.83, SD = 0.12) for image sequences and between 0.43 and 1.00 (M = 0.84, SD = 0.11) for word sequences. Fig. 2 (bottom row, left) shows the proportion of correct responses (target detection) as a function of target position and target type. Data were analyzed as in Experiment 1. There was no significant main effect of target type (b = À0.01, z = À0.34, p = 0.733) but there was a significant linear trend of target position (b = À0.17, z = À8.41, p < 0.001) indicating somewhat decreasing accuracy through the sequence. The interaction between target type and target position was not significant (b = 0.01, z = 0.42, p = 0.675).
In the immediate image recognition test, responses with latencies less than 200 ms (1.2%) were marked as incorrect. There were no RTs greater than 3000 ms. Fig. 2 (bottom row, second column) shows the proportion of positive responses (recognizing the image as present in the immediately preceding sequence) as a function of target position and image condition. Positive responses to absent images were well below chance (M = 0.27, SD = 0.26). There were more positive responses to filler images than to images not present in the sequence (b = À1.89, z = À9.56, p < 0.001), more positive responses to nontarget than filler images (b = À0.23, z = À3.24, p = 0.001), and more positive responses to target than nontarget images (b = À0.99, z = À9.39, p < 0.001). The linear effect of image position was significant (b = 0.20, z = 9.79, p < 0.001) and it was significantly less for nontargets than for targets (b = À0.11, z = À2.12, p = 0.034). There was no difference in the linear effect of image position between nontargets and fillers (b = 0.06, z = 1.23, p = 0.218).
Post-training recognition test
Responses with latencies less than 200 ms (0.72%) or greater than 9000 ms (0.24%) were marked as incorrect. 
Discussion
These results establish that the source of the dominant learning effect can be attributed to target status rather than color, as hypothesized by the TIPL approach. Interestingly, the significant difference between nontargets and fillers in the immediate image recognition test suggests that there was also a learning effect associated with red color (cf. Elliot & Aarts, 2011; Mehta & Zhu, 2009 ). However, the results from the immediate and post-training recognition tests indicated that blue targets led to learning as much as red ones in previous experiments, even in comparison to red nontargets. The absolute magnitude of image learning was comparable in the two experiments, as the difference between targets and nontargets in the immediate image recognition test was b = 1.35 in Experiment 1, compared to a combined effect of 1.22 in Experiment 3 (b = 0.99 between targets and nontargets plus 0.23 between nontargets and fillers). The magnitude of word learning (targets relative to nontargets) was also comparable (in the posttraining recognition test, group Â set interaction: b = 0.33 in Experiment 1 vs. 0.25 in Experiment 3). Interestingly, mean target detection rate during the training run was significantly lower in Experiment 3 than in Experiments 1 (b = 1.73, z = 9.11, p < 0.001) and 2 (b = 0.63, z = 3.44, p < 0.001), possibly due to interference from the nontarget.
As in Experiments 1 and 2, there was no significant transfer of learning evidenced in spelling performance, therefore the observed learning cannot be properly termed ''orthographic learning." However, analysis of the follow-up spelling test from the three experiments combined, including data from all 142 participants with experiment as an additional fixed factor, revealed a significant interaction between participant group and word set (b = 0.13, z = 2.81, p = 0.005). There was no main effect of participant group (b = 0.03, z = 0.41, p = 0.682) or word set (b = 0.25, z = 1.03, p = 0.301) and no triple interaction with experiment (both p > 0.5). This is very weak post-hoc evidence, especially taking into account the overall spelling results in Experiments 1 and 2. Still, it suggests that an effect on spelling may be present and that it is perhaps either too small to be detected with the available sample size or too weakly established with the given number of repetitions (trials). If that is the case, a significant effect may be observed in a larger number of participants or in a more extensive training procedure, respectively. These possibilities were pursued in the following experiments.
Experiment 4
In Experiments 1-3, the purpose of having the words appear among a multitude of images was to investigate fast-TIPL with integrated stimuli more generally and to direct attention away from the fact that the words were the main focus of the procedure. When testing for TIPL within the training procedure (Experiments 1 and 3), only images were presented, to further distract participants away from the words. After training, only words were presented in the recognition task, to examine the effect of interest. This asymmetry in training and testing precluded a direct comparison between words and images, causing concern about the nature of the observed learning in each case. That is, given the results of the previous experiments, it is unknown whether images and words are comparably affected and, therefore, whether a common underlying fast-TIPL effect can be claimed for both types of stimuli. Moreover, embedding the words within image sequences might arguably have had the opposite of the intended effect, making the words stand out by virtue of their rarity. Thus, because of the asymmetry, it is unknown whether word targets would show a learning effect in post-training recognition if they had been inconspicuously embedded in sequences of word fillers.
As the replicated training effects established an unconfounded learning baseline, we dropped the asymmetric design. Therefore all filler images in the word sequences were replaced with assorted words, while target and nontarget words were unaffected. Image sequences were left intact, resulting in a fully balanced design over the two types of stimuli. That is, word targets and nontargets appeared among sequences of rapidly presented words whereas image targets and nontargets appeared among sequences of rapidly presented images. A demo set of six training sequences (video) can be found in online supplementary materials.
Furthermore, the post-training recognition test was augmented with target, nontarget, and distractor images, in parallel to the existing target, nontarget, and distractor words, to provide a common explicit familiarity judgment test of learning effects for the two types of stimuli. To reduce training time and minimize explicit attention to the stimuli, the in-training recognition test was eliminated, as it was established in Experiment 2 that learning of the same magnitude occurs without it.
We also added a less demanding-but still theoretically informative-test of transfer effects. Spelling is not only entirely dependent on strong orthographic representations, as noted in the introduction, but it is also very far removed from the perceptual task of word identification. To the extent that the learning resulting from our fast-TIPL procedure is perceptual in nature, it should be primarily expressed in tasks that exploit the enhanced perceptual representations, rather than in distal tasks requiring additional representations and production processes. In other words, a precursor effect of orthographic learning should be observable in reading tasks, which involve word identification, before it can be detected in spelling tasks. Therefore, to examine potential fast-TIPL effects on reading performance, the post-training word recognition test was followed by a passage reading test including the critical words. Specifically, two passages were constructed, each containing the words from one target set. Passages were displayed in a different font from that used during training, to reduce lowlevel visual effects and to focus at the orthographic level. To evaluate reading accuracy and fluency, children were asked to read the two passages aloud. If the orthographic representations of the target words were strengthened by the training procedure, the effects might be observable in these reading measures. As for spelling performance, it was evaluated as in the preceding experiments.
Finally, to address the learning strength issue raised in the preceding discussion, this experiment was administered to a substantially larger number of participants. It was hypothesized that if learning effects on reading and spelling performance are real but weak they would be more likely detectable in the larger sample, resulting in statistically significant improvement in reading and spelling the target words, relative to the nontargets.
Method
Participants
Seventy nine children (42 girls) attending Grades 4 and 5 (10-11 years old) participated in this experiment, 2 including 40 in Group 1 and 39 in Group 2. Group assignment was balanced across sex and grade.
Stimuli
Targets and nontargets were identical to those in Experiment 1. Two hundred filler words were selected from a children's dictionary (Efthymiou, Dimos, Mitsiaki, & Antypa, 2012) to replace the filler images in the word sequences. Image sequences, including fillers, were unmodified. An additional set of 20 images not appearing in the training sequences were selected to serve as distractors in the post-training recognition test.
Two 100-word testing passages were constructed, each narrating a fictional story. Each passage contained the words from one target set (once each, except for two repeated words). Target words appeared in the passages in the context-appropriate inflection. (Grammatical inflection suffixes modify word endings only, leaving stems unaffected.) The remaining words of each passage were familiar and easy for the children to read.
Procedure
The training procedure was identical to that in Experiment 2; that is, there was no immediate recognition test during training. After training, participants were administered the post-training recognition test, which was extended with 40 image trials, including the 20 critical images (10 targets and 10 nontargets) and 20 similar images not presented during training. Word and image trials did not differ in any way except for the displayed stimuli and were randomly intermixed. Immediately following the recognition test, a reading test was administered, including both passages (in counterbalanced order). Each passage was displayed on a white screen in black 20-pt Consolas font under the control of DMDX and the child's response was recorded. The instruction was to read the passages aloud as quickly and accurately as possible. Each passage remained on the screen until its reading was completed. Approximately one week later (M = 7.1 days; SD = 1.9; range: 4-11), the follow-up spelling test was group-administered by the teacher in class (except for a few individually recruited children who were tested by the experimenter). Each word was dictated in isolation and in a sentence.
Results
Training
Target detection responses with latencies less than 200 ms (0.9%) were marked as incorrect. There were no responses with latencies exceeding 2500 ms. Mean target detection accuracy was 0.88, individually ranging between 0.20-1.00 (M = 0.84, SD = 0.18) for image sequences and between 0.62 and 1.00 (M = 0.92, SD = 0.09) for word sequences. Fig. 3 (top row, left) shows the proportion of correct responses (target detection) as a function of target position and target type. Data were analyzed as in Experiment 1. There was a significant main effect of target type (b = À0.28, z = À4.30, p < 0.001), with higher performance for words than for images. The linear trend of target position was not significant (b = À0.02, z = À1.22, p = 0.224) and did not interact significantly with target type (b = 0.02, z = 0.74, p = 0.461).
Post-training recognition test
Responses with latencies less than 200 ms (0.30%) or greater than 9000 ms (0.03%) were marked as incorrect. Fig. 3 (top row,  right) shows the proportion of positive responses (recognizing the image or word as present in the training procedure) for each condition and stimulus type. Data were analyzed as in Experiment 1, with target type (word vs. image) as an additional factor. The main effects of participant group (b = À0.15, z = À0.97, p = 0.331) and word set (b = À0.21, z = À1.22, p = 0.224) were not significant, but there was a significant interaction (b = 2.08, z = 11.99, p < 0.001) between the two, confirming the occurrence of a fast-TIPL effect. The main effect of target type was significant (b = À0.76, z = À3.76, p < 0.001) as was also the triple interaction (b = À0.71, z = À2.07, p = 0.039), indicating that the overall recognition performance as well as the magnitude of the fast-TIPL effect differed between target types. When analyzed separately, the fast-TIPL effect (participant group by word set interaction) was significant for both words (b = 1.73, z = 6.57, p < 0.001) and images (b = 2.44, z = 8.75, p < 0.001) and was larger for the images (which were also recognized on average better than the words).
Post-training reading test
Recorded responses were processed with CheckVocal (Protopapas, 2007) to mark onset and offset times, which were then subtracted to produce the total reading time for each passage. Times were transformed via negative reciprocal to better approximate the normal distribution while retaining polarity. In the analysis of reading times with linear mixed-effects modeling, there was 2 A total of 83 children were tested but the data were discarded-prior to any analysis-from 2 children who did not complete the training and testing session because of technical failures and 2 outliers who took more than 150 s to read the passages. no main effect of participant group (b = 0.002, t = 1.61, p = 0.111). The effect of passage was significant (b = À0.002, t = À8.32, p < 0.001), indicating that the passage containing words from Set A was more difficult. The interaction between participant group and passage was not significant (b = À0.0004, t = À0.88, p = 0.382).
In the analysis of accuracy, with the number of words read incorrectly as the dependent variable, including all words from each passage, there was no main effect of participant group (b = À0.10, z = À0.41, p = 0.681) or passage (b = À0.12, z = À0.28, p = 0.778) but there was a significant interaction (b = À0.72, z = À2.83, p = 0.005), consistent with fewer reading errors in the passage with the corresponding target set. Using only the target words from each passage in the analysis, there was again no main effect of participant group (b = 0.19, z = 0.59, p = 0.554) or passage (b = 0.14, z = 0.20, p = 0.840), while the interaction only approached significance (b = À0.76, z = À1.82, p = 0.069). Fig. 3 (bottom row, middle) shows the proportion of words read correctly as a function of target vs. nontarget status, for all participants considered together.
Fluency was calculated in the usual manner, by dividing the total number of words read correctly by the total reading time, resulting in a ''correct words per second" measure for each child and each passage. In analysis of fluency as a dependent variable, using linear mixed-effects modeling, there was a main effect of passage (b = 0.169, t = 8.28, p < 0.001), no main effect of group (b = À0.184, t = À1.55, p = 0.124), and no interaction (b = 0.052, t = 1.27, p = 0.209). Fig. 3 (bottom row, right) shows the proportion of target vs. nontarget words spelled correctly. In the analysis of word accuracy, there was no significant main effect of participant group (b = À0.08, z = À0.70, p = 0.482) or word set (b = À0.21, z = À0.97, p = 0.332) nor an interaction between the two (b = À0.01, z = À0.10, p = 0.923). Similarly, in the analysis of number of graphemic errors, there was no significant effect of participant group (b = À0.04, t = À0.48, p = 0.630) or word set (b = À0.19, t = À0.91, p = 0.376) and no significant interaction (b = À0.001, z = À0.01, p = 0.992).
Follow-up spelling test
Discussion
The results confirm that fast-TIPL effects, as determined by the post-training recognition test, were similar for images and words, when each type of stimulus was embedded in distractor sequences of the same type and tested in the same task. Words were not recognized more often and were not learned more strongly than images. This may be attributed to the smaller visual discriminability among words (which are more visually similar to one another, compared to images) and suggests that no explicit verbal strategies were involved during training. Specifically, if children could somehow manage to read the target words out aloud and try to repeat them to themselves (even though they had no reason to do so, since they were not expecting to be tested), this should have led to a stronger learning effect for the words than for the images, for which no verbal rehearsal was possible.
Importantly, the somewhat lower performance on words than on images in the post-training recognition test cannot be attributed to differences in reinforcement opportunities, because word targets were in fact detected somewhat more frequently than image targets during the training sequences. This may be attributed to the higher salience of the relatively thick lines forming the word letters, compared to the thinner lines in which many images were composed. Therefore it seems that the most plausible account for the performance differences observed during and immediately after training involves visual properties of the stimuli (albeit different ones), consistent with the characterization of the procedure as an instance of perceptual learning.
The performance of post-training word recognition was not different from that achieved in the preceding experiments: In an analysis of post-training recognition performance including Experiments 1-4, with experiment as an additional factor, there was no significant effect of experiment and no interaction of experiment with participant group, word set, or their interaction. This suggests that the embedding of word targets and nontargets within image distractors in the preceding experiments did not cause any differential learning effects resulting from the words standing out within their sequences. Thus the results of this and the previous experiments, taken together, confirm a robust visual word learning effect based on the fast-TIPL procedure in accordance with the underlying theoretical premises of nonspecific learning signals accompanying successful target detection.
With respect to transfer, although there was again no indication of an effect on spelling performance, despite the larger participant sample, there was an effect on reading accuracy, which may be taken as indication of orthographic learning. The effect survives conservative statistical correction for multiple comparisons (five tests of transfer, including word reading accuracy for all words and for target/nontarget words only, reading time, reading fluency, and spelling; of which two are not independent from the others, namely accuracy for all words and fluency). That the effect was significant when considering all words in the passages, but only marginally so when considering target words only (despite a similar magnitude of b % 0.75 in both analyses), may be in part a statistical artifact, owing to the larger number of items considered in the former comparison. It may also reflect indirect, attention-mediated effects, in that facilitation of target words may have freed up cognitive resources for accurate processing of other words in the text.
Overall, this effect is consistent with the expectation that effects on reading, which involves word perception (reinforced during training), should be observable more readily than effects on spelling, which requires transfer to an unpracticed expressive skill. On its own, this finding is no more than a weak indication of true orthographic learning-beyond the visual perceptual level-that may prove too fragile to be of theoretical or applied use. However, it supports the contention that the fast-TIPL procedure is effective in producing transferrable effects but additional training (i.e., more trials) may be required for the reinforcement to produce robust effects that can be detected in distal (nonperceptual) tasks. This possibility was tested in the following experiments.
Experiment 5
In the preceding experiments a fast-TIPL effect was established in terms of post-training word recognition and weak evidence for transfer was observed in one reading accuracy comparison, raising the question of whether more intensive training would lead to stronger effects on reading and perhaps transfer to the distal task of spelling. Given the replicated training effects, comparably established for images and words in Experiment 4, the images and the post-training recognition test are no longer necessary. Therefore, the image sequences were discarded and were replaced by the word sequences. This doubled the number of word training trials without extending the duration of the experiment. The posttraining word recognition test was also eliminated, to save time. The purpose of the present experiment was to test the hypothesis that further increasing the amount of practice provided for each critical word (from 10 to 20 repetitions) would lead to more robust transfer to reading and perhaps spelling performance, observable in a sample of the original size.
6.1. Method 6.1.1. Participants
Fifty-four children (24 girls) attending Grades 4 and 5 (10-11 years old) participated in this experiment, including 28 in Group 1 and 26 in Group 2. Group assignment was balanced across sex and grade.
Stimuli
Stimuli were identical to those in Experiment 4 (words only).
Procedure
The training procedure was identical to that in Experiment 4; that is, there was no immediate recognition test during training. Only word sequences were administered, also replacing image sequences. Testing was also identical to Experiment 4, with the exception of the post-training recognition test, which was not administered.
Results
Training
Target detection responses with latencies less than 200 ms (1.6%) were marked as incorrect; there were no latencies greater than 2500 ms. Mean target detection accuracy was 0.89, individually ranging between 0.55 and 1.00 (SD = 0.10). Fig. 4 (top row, left) shows the proportion of correct responses (target detection) as a function of target position. In the analysis of accuracy the negative linear trend of target position (b = À0.02, z = À0.90, p < 0.371) was not significant.
Post-training reading test
Recorded responses were processed and analyzed as in Experiment 4. In the analysis of reading times, there was no main effect of participant group (b = À0.002, t = À1.13, p = 0.264). The effect of passage was significant (b = À0.002, t = À7.33, p < 0.001; this likely reflects a difference between the two passages in overall difficulty, which we did not attempt to control, given the severe constraint of working the two specific word sets into brief, meaningful, interesting, age-appropriate narratives). The interaction between participant group and passage barely missed significance (b = À0.001, t = À1.99, p = 0.053), consistent with a trend towards relatively faster reading of the passage with the words from the target set.
In the analysis of accuracy, with the number of words read incorrectly as the dependent variable, including all words from each passage, there was no main effect of participant group (b = À0.49, z = À1.83, p = 0.068) or passage (b = À0.09, z = À0.28, p = 0.777) but there was a significant interaction (b = À1.65, z = À5.99, p < 0.001), consistent with fewer reading errors in the passage with the corresponding target set. Using only the target words in the analysis, there was again no main effect of participant group (b = À0.78, z = À1.78, p = 0.075) or passage (b = À0.04, z = À0.05, p = 0.960) but there was a significant interaction (b = À1.58, z = À3.11, p = 0.002). Fig. 4 (top row, third column) shows the proportion of words read correctly as a function of target vs. nontarget status, for all participants considered together. In analysis of fluency, there was a main effect of passage (b = 0.209, t = 7.47, p < 0.001), no main effect of group (b = 0.184, t = 1.20, p = 0.238), and a significant interaction (b = 0.170, t = 3.05, p = 0.004), indicating relatively higher fluency for the passage with the words from the corresponding set.
Taken together, these results show that the passage with the target words was read more fluently and more accurately than the passage with the nontarget words, showing that fast-TIPL can give rise to improved reading performance.
Follow-up spelling test
In the analysis of word accuracy, there was no significant main effect of participant group (b = À0.22, z = À1.03, p = 0.305) or word set (b = 0.02, z = 0.09, p = 0.926) but there was a significant interaction between the two (b = 2.47, z = 8.82, p < 0.001). In the analysis of the number of graphemic errors, again there was no significant main effect of participant group (b = 0.09, t = 0.99, p = 0.330) or word set (b = À0.04, t = À0.37, p = 0.718) but there was a significant interaction (b = À0.97, t = À8.47, p < 0.001). Fig. 4 (top row,  right) shows the proportion of target vs. nontarget words spelled correctly. These results augment those of the combined analysis of Experiments 1-3 and confirm that fast-TIPL can also give rise to improved spelling performance when a sufficient number of trials per item are provided.
Discussion
The results of this experiment demonstrated that increased training trials per item brought about significant improvements in reading and spelling performance of the target words compared to nontargets. Target words were read faster and more accurately, and were spelled more accurately, following repeated incidental reinforcement in the training procedure. Given that targets and nontargets were counterbalanced across participant groups and appeared equally often during training, this finding can only be attributed to the successful performance on the color detection task, as hypothesized by TIPL. Interestingly, the magnitude of the reading accuracy improvement was similar (b % 1.6) in the analyses considering all words in the passages and target words only, as in Experiment 4, and this was about double the corresponding effect in Experiment 4 (b % 0.75, with the same materials), proportional to the double number of trials administered here. This pattern is consistent with the idea of an incremental reinforcement provided by each trial, which becomes large enough to be statistically detectable after a sufficiently large number of repetitions.
To our knowledge this is the first demonstration of improved reading and spelling performance directly attributable to a learning effect originating in a perceptual learning procedure rather than in a task explicitly requiring reading the words. The performance improvement on spelling, which is a nonperceptual task, indicates that learning under fast-TIPL is not limited to perceptual processing but may extend to orthographic representations sustaining flexible expression of the reinforced information in complex higher-level skills. This extension seems to depend on training intensity. Before discussing these implications more generally, we need to address another important question, namely generalization. This is the issue we turn to in the final experiment.
Experiment 6
The preceding experiment confirmed that, given sufficient trials, there are significant and substantial effects on reading and spelling the target words. Because the words were chosen for their difficult stems, which present multiple spelling challenges, interpretation of the findings must focus on learning specific words. On the other hand, open-class words in Greek are grammatically inflected and therefore their grammatical types are not identical across contexts even though all inflected forms are arguably part of ''the same word" (i.e., the same lexeme). We did not test whether learning was evident (or strongest) for the specific word form used in training, that is, the base form, as that would not be a very useful result for the Greek language. Because different forms (i.e., words with different suffixes) were used in the passages, with significant effects of training observed, we may assume that orthographic learning applied to the stem and not just to a specific type. This would be consistent with the structure of the Greek language, well known to every child in late elementary grades, in which words are composed of fixed stems and inflectional suffixes. Therefore, an element of orthographic generalization across inflectional variants may already be discerned in the results of Experiment 5. As a recent orthographic learning study in the English language has suggested that learning via reading exposure extends to items sharing orthographic patterns (Tucker et al., 2016) , it is important to examine whether our TIPL procedure also leads to a similar outcome.
Therefore, in the present experiment we specifically probed generalization by focusing on derivational affixes rather than word roots. Greek word formation processes include derivations, which, like English, form different parts of speech, such as verbs and adjectives from nouns and vice versa. For example, the verb voqeύx /xorevo/ ''to dance" is derived from the noun voqό1 /xoros/ ''dance" by suffixation of the root voq-/xor/ with -eύ-/ev/ (preceding the word-final inflectional suffix). Affixes such as /ev/ can be quite productive, applying over large sets of roots. Importantly, affixes carry their own idiosyncratic spelling: for example, the /e/ in /ev/ is spelled with e rather than the alternative ai. Presumably, awareness of derivation processes and knowledge of specific affixes permits Greek spellers to produce the correct spelling of the affix for any word that includes it (see discussions in Diamanti, Goulandris, Stuart, & Campbell, 2014; .
Thus, in the present experiment the target sets were changed to include words with a common derivational affix (a different one for each set). If the overall learning effect of Experiment 5 is replicated it should be evident in reading and spelling the trained words and their inflected variants. Moreover, if learning of orthographic patterns is not limited to the trained words but can be flexibly applied to other words with common patterns, then we should observe generalization of spelling performance to other words with the same affix. To test this possibility, we created two generalization sets complementing the training sets, containing different words with the same common derivational affix as in the corresponding training set.
Spelling of derivational affixes is a locus of persistent difficulty for Greek spellers and has been documented to be more challenging than spelling of roots and inflectional suffixes (Diamanti et al., 2014) . However, although performance remains far from perfect throughout elementary school years, the most common derivational affixes are spelled correctly by the majority of children in the higher elementary grades. Therefore, younger participants were recruited for this experiment, in order to retain a higher level of difficulty, comparable to the previous experiments, permitting more room for learning effects to be observed.
Method
Participants
Fifty-two children (20 girls) attending Grades 2 and 3 (8-10 years old) participated in this experiment, including 26 in each group.
Stimuli
Two new target and nontarget sets were constructed, each containing 10 verbs derived from nouns, in the first person singular of the present tense. Words in Set 1 were derived via the -eύx /evo/ affix, in which the /e/ is spelled with the letter e, and in Set 2 via the -aίmx /eno/ affix, in which /e/ is spelled with the digraph ai.
For the follow-up spelling test, an additional 10-item generalization set was generated for each of the two affixes. The target and generalization sets are listed in Appendix A. Filler items were identical to those in Experiments 4-5. For the post-training reading test, two new 67-word passages were constructed, each narrating a fictional story. Each passage contained the words from one target set in context-appropriate grammatical types.
Procedure
The training and testing procedure was identical to that in Experiment 5. In the follow-up spelling test both the target and generalization sets were dictated to children intermixed, alternating between words from Sets 1 and 2.
Results
Training
Target detection responses with latencies less than 200 ms (2.9%) were marked as incorrect; there were no latencies greater than 2500 ms. Mean target detection accuracy was 0.84, individually ranging between 0.38 and 0.99 (SD = 0.13). Fig. 4 (bottom row,  left) shows the proportion of correct responses (target detection) as a function of target position. In the analysis of accuracy the positive linear trend of target position (b = 0.05, z = 2.26, p = 0.024) was significant.
Post-training reading test
Recorded responses were processed as in Experiment 4. In the analysis of reading times, there was a main effect of passage (b = 0.002, t = 5.47, p < 0.001), indicating that the passage containing words from Set A was more difficult. There was no main effect of participant group (b = À0.003, t = À1.33, p = 0.191) and no interaction (|b| < 0.001, t = 0.38, p = 0.705).
In the analysis of accuracy including all words from each passage, there was no main effect of participant group (b = À0.54, z = À1.69, p = 0.092) or passage (b = À0.42, z = À1.50, p = 0.133) but there was a significant interaction (b = À3.19, z = À8.15, p < 0.001). Using only the target words in the analysis, there was again no main effect of participant group (b = À0.61, z = À1.26, p = 0.209) or passage (b = À0.80, z = À1.88, p = 0.060) but there was a significant interaction (b = À3.02, z = À4.19, p < 0.001). Fig. 4 (bottom row, third column) shows the proportion of target vs. nontarget words read correctly. In the analysis of fluency, there was a main effect of passage (b = À0.095, t = À4.62, p < 0.001), no main effect of group (b = 0.208, t = 1.31, p = 0.198), and a marginally nonsignificant interaction (b = 0.071, t = 1.74, p = 0.088).
Follow-up spelling test
Spelling accuracy was evaluated for the critical affixes only, ignoring stem roots and inflectional suffixes. In the analysis of the target sets, there was no significant main effect of participant group (b = 0.43, z = 1.24, p = 0.215) or word set (b = À0.31, z = À1.30, p = 0.192) but there was a significant interaction between the two (b = 2.77, z = 7.45, p < 0.001). In the generalization sets, there was no significant main effect of participant group (b = 0.48, z = 1.56, p = 0.119) or word set (b = À0.13, z = À0.49, p = 0.626) but there was a significant interaction between the two (b = 2.82, z = 6.72, p < 0.001). In combined analysis of the two set types (training vs. generalization), there was no significant triple interaction between group, word set, and set type (b = À0.09, z = À0.10, p = 0.840). In fact the corresponding effect size was negligible (b = 0.09, over the 2.82 baseline), suggesting that the differences in spelling performance between target and nontarget affixes were equal in the training and the generalization sets. No analysis of other graphemic errors was undertaken. Fig. 4 (bottom right) shows the proportion of target vs. nontarget words spelled correctly.
Discussion
The results of this experiment extend the effect of TIPL to longlasting generalization across items sharing orthographic patterns with the target-paired set. Although there were no significant effects on reading fluency in this experiment, in contrast to Exper-iment 5, there were significant and substantial effects in both reading and spelling accuracy that leave no room for doubt over the effectiveness of training. As in the previous experiments, the magnitude of the learning effect on reading accuracy was similar (b % 3.1) whether all or only the target words were considered. The lack of a fluency effect may be attributed to the younger age of these children, who may still be at early stages of automatization in their reading development. This issue is considered further in the general discussion.
A potential concern regarding the very large difference in the effects on spelling seen in Experiments 5 and 6 compared to Experiments 1-4 is that reading the passages aloud may have boosted the orthographic representations of the words, consistent with the self-teaching hypothesis (Share, 1999 (Share, , 2004 (Share, , 2008b . However, there are three points against this account. First, there was an effect on reading accuracy (and fluency, in Experiment 5) in passage reading. There were no reading assessments preceding passage reading, therefore these learning effects must have originated in the training procedure. Second, and more importantly, all children read both passages (in counterbalanced order). Therefore, if reading caused any orthographic learning, this should have equally affected target and nontarget words. However, the spelling findings were consistent with differential effects on target and nontarget words, which can only be traced back to differential rewards due to target status in the training procedure. And third, if reading the passages somehow had an effect on spelling the target words only, we should have observed improved spelling performance in Experiment 4 as well, in which the passages were read after training, but this did not happen.
General discussion
In a series of experiments using fast TIPL we have demonstrated that perceptual reinforcement of visual word stimuli in the course of an irrelevant color detection task resulted in strengthened orthographic patterns that can be flexibly expressed in reading and spelling behavior, immediately after training and a week later, respectively. This was only observed after an extended schedule of twenty reinforcement trials per word (Experiments 5-6), whereas a weaker generalization effect to reading accuracy was also observed with an increased sample after only ten trials (Experiment 4). However, a consistent and robust word recognition effect was observed after ten reinforcement trials (Experiments 1-4), consistent with the strengthening of a visually-based orthographic representation as a precursor of full-blown flexibly expressible orthographic learning. The rapid rate of presentation in our stimulus sequences would seem to preclude conscious articulation of the words, as discussed in more detail below.
Thus, these findings underscore the potential of reinforced visual processing, and its downstream effects on higher-level representations, for orthographic learning; and they support use of this novel experimental paradigm as a powerful methodological tool with which to investigate the properties and nature of incidental orthographic learning. In the following discussion we consider the implications of these findings for learning orthographic representations and also for our understanding of TIPL and fast-TIPL procedures. Table 1 summarizes the different design properties and learning outcomes to facilitate comparative discussion of the six experiments. Demo examples of trial sequences from Experiment 1 (with Block 1 timing) and Experiment 4 (with Block 4 timing) are available in online supplementary materials.
Orthographic learning
The finding that visual perceptual learning of orthographic forms eventually affected both reading and spelling performance is consistent with a conceptualization of orthographic representations as a common substrate underlying both receptive and expressive written language skills (Apel, 2009; Conrad, 2008; Ehri, 2014; Martin-Chang et al., 2014; Shahar-Yames & Share, 2008) . Standing in contrast to expectations that visual exposure alone does not benefit orthographic learning (Share, 1999) , our finding highlights the crucial role of reinforcement as a modulating factor that enables the accumulation of relevant experience. However, the fact that orthographic learning took place as a result of reinforced visual exposure does not imply that learning effects were limited to a purely visual level. Rather, the evidence for transfer to distal tasks capitalizing on the learned representations, notably the spelling task, suggests that learning occurred not only at a visual perceptual level but also at higher levels of a processing hierarchy that penetrates the orthographic mental lexicon. This possibility, reinforced by the differential findings between Experiments 1-4 and Experiments 5-6, raises important questions regarding the locus of typical orthographic learning, as attained by regular reading experience, as well as regarding the nature of TIPL and the range of effective reinforcement resulting from selfgenerated reward signals.
The time-limited presentation of our target word stimuli, effectively precluding deliberate decoding or articulation as processing strategies, underscores the importance of implicit activation rather than conscious effort as the crucial factor in orthographic learning (cf. Ehri, 2005) . Early activation of rich phonological representations in visual word identification is well established across languages and writing systems (Halderman, Ashby, & Perfetti, 2012) and presumably took place during our training procedure as well, given the ample time allowed for the words to be recognized (133 ms, compared to the 60 ms required by adult skilled readers; Rayner, Schotter, Masson, Potter, & Treiman, 2016) . These implicit processes of phonological activation are contrasted to ''conscious decoding," by which we refer to inner-speech type processes as might be normally operative in silent reading. The stimulus onset asynchrony in our training procedure (allowing 500 ms per item in the first block down to 400 ms per item in the last two blocks) amounts to reading rates of 120-150 words per minute (wpm). This may sound feasible at first blush, considering the asymptotic estimate of about 158 wpm recently reported for fourth grade children reading German (an orthography that is similarly transparent to Greek; Sperlich, Meixner, & Laubrock, 2016) . However, that estimate was based on reading-with the benefit of parafoveal preview-passages composed of words with a mean length of 5.3 letters. In contrast, our target words were 7-11 letters long (M = 8.9, SD = 1.3; 3-5 syllables) and were presented individually without opportunity for parafoveal preview. In comparison (based on unpublished data from an unrelated ongoing study in our laboratory), Greek children's mean naming onset latency for familiar two-syllable words 3-5 letters long presented individually was about 580 ms in Grade 3 and 500 ms in Grade 5; total naming time, including articulation, was 1060 ms and 940 ms, respectively. Therefore we conclude that the rate of presentation of the critical words 3 in the training procedure was well beyond the (silent or oral)
reading abilities of fourth and fifth graders, even though it was most likely within their visual word recognition abilities.
As noted in the introduction, orthographic learning has been found to depend on the co-activation of phonological and orthographic word forms across languages and studies over more than a decade. Our results are consistent with this well-established conclusion but also highlight an underappreciated aspect of word learning, namely the downstream effects of visually perceiving the words. Our target stimuli were not novel letter strings but existing words that were more or less familiar to our participants-indeed, all but two of the critical words are found in elementary school language arts textbooks. Although they are known to be demanding, and they were selected because most children at late elementary grades would spell them incorrectly, good spellers are expected to know these words, which is why they are used in spelling tests at this level. Therefore, we may conclude that the participants already possessed a phonological representation and at least some rudiments of an orthographic representation for them. This orthographic representation may have been specific-but weak-or it may have been based on more general orthographic patterns and graphophonemic mappings afforded by the relatively consistent Greek orthography. The existence of-however weak-links between phonological and orthographic forms may have permitted sufficient access to the phonological representation, on the basis of the visual stimuli, effecting a co-activation within the temporal window of reinforcement opportunity provided by target pairing in the TIPL procedure. On this view, phonological activation is seen as a higher-level representation along an extended visual processing hierarchy (cf. Ahissar & Hochstein, 2004; Ahissar, Nahum, Nelken, & Hochstein, 2009 ) that has been formed as a result of reading experience and partially constitutes reading expertise. Thus, feedback-based activation (cf. McKague, Davis, Pratt, & Johnston, 2008) along this hierarchy may have offered a basis for strengthening the connections between the two word forms as well as the representation of each individual form. If this interpretation is on the right track, it serves to corroborate the role of implicit phonological activation-rather than articulation or inner speech-in orthographic learning (cf. Ehri, 2005) .
On the other hand, there are reasons to postpone the final verdict on the absolute necessity of phonological activation in every aspect of orthographic learning, or at least on the potential relevance of other factors (cf. Castles & Nation, 2008) . In particular, as noted in the introduction, there is evidence consistent with robust, implicit, input-based statistical learning of orthographic patterns (Pacton et al., 2001 (Pacton et al., , 2005 . These patterns are at a grain smaller than whole words and concern general biases and constraints governing letter sequences. Importantly for the issue at hand, not all constraints on orthographic patterns that are acquired early can be attributed to phonologically mediated learning-even general graphophonemic pattern learning. For example, it is not clear how one might account for the finding that children in early elementary grades are sensitive to the letter identity and position constraints on consonant doubling by postulating phonological involvement. This type of learning seems to be visually based, not in terms of the low-level features of letter shapes but in the more abstract sense of orthographic patterns composed of letter identities. Thus an alternative interpretation of at least some of our findings may be more closely aligned with this type of implicit orthographic learning, especially taking into account the successful generalization across words sharing only a derivational affix in Experiment 6.
The two accounts are not mutually exclusive: Reinforcing orthographic letter strings may be combined with an effect of reinforcing phonology-orthography links. Our experiments cannot speak to this issue directly, but only suggest potential avenues for future exploration of the nature of the learning effects and the potential contribution of each factor that may be involved. It will also be important to identify the level (or, more likely, levels) at which learning occurs.
There are two issues involved here: The first one concerns the visual processing hierarchy itself. Specifically, perceptual learning typically refers to low-level perceptual features whereas in orthographic learning we are concerned with much more abstract levels of representation. Our findings of transfer to reading and spelling tasks preclude an explanation limited to low-level perceptual features. Recent reviews (Shibata, Sagi, & Watanabe, 2014; Watanabe & Sasaki, 2015) suggest that perceptual learning procedures affect not only the processing of sensory primitives (feature-based plasticity) but also much more complex levels of cognitive representation, including objects, categories, words, and speech (task-based plasticity). Even procedures classically considered to produce low-level perceptual learning can in parallel produce broadbased learning across multiple visual processes (Hung & Seitz, 2014; Le Dantec, Melton, & Seitz, 2012) .
TIPL has been shown to influence mid-to-high-level visual representations such as contour integration (Rosenthal & Humphreys, 2010) , phonetic processing (Vlahou, Protopapas, & Seitz, 2012) , and short-term memory of visual scenes (Leclercq & Seitz, 2012a) . postulated that the key factor determining the level of representation altered through TIPL is the confluence of activity within that representational stage and the delivery of reinforcement (external or internal). The case of orthographic learning may thus be seen as an intermediate level of representation involving letter identities, positioned between lower-level visual features and higher-level classes of phonologically equivalent graphemes. Such an intermediate level is consistent with current understanding of the ''visual word form area" in ventral occipitotemporal cortex as a high-level visual processing area integrating visuospatial and speech sound information (Price & Devlin, 2011) , in which representations are learned not on the basis of purely visual exposure but on the basis of systematic correspondences between print and speech sounds (Dehaene & Cohen, 2011) .
The second issue refers to item specificity. That is, strengthening particular letter strings, with or without involvement of corresponding phonological representations, may concern sublexical segments, influencing the orthographic processing system at large, or it may concern individual lexemes (or groups of related lexemes), influencing specific, well-defined representations. There is evidence in support of both accounts for orthographic learning in the course of typical reading development. On the one hand there are the aforementioned findings of sensitivity to local letter constraints in early grades (Cassar & Treiman, 1997; Pacton et al., 2005; Pollo et al., 2009 ). On the other hand the knowledge of at least some statistical regularities of spelling patterns seems to be based on knowledge of individual words (Chliounaki & Bryant, 2007; Pacton & Deacon, 2008) . Because constraints on letter patterns can arise on the basis of exposure to individual items, but not vice versa, it seems that if we need to choose one of the two accounts, orthographic learning would have to proceed from knowledge of word-specific to more general patterns.
This does not imply that children should know how to spell specific words before they demonstrate sensitivity to letter patterns, because knowledge of individual items may be too weak to permit successful spelling (or even recognition), but weak knowledge of many individual items may be cumulatively sufficient to distinguish frequent from unattested patterns. Notwithstanding the fact that both accounts may apply to orthographic learning, perhaps via different mechanisms, the primacy of word-specific learning is consistent with our findings insofar as learning of specific word stems was evidently successful in each experiment. Conversely, the power of item-specific representations to support orthographic generalizations is evident in (a) the results of Experiment 6, which was designed to test this hypothesis, and (b) the effects on passage reading in Experiment 5, in which target words appeared with different inflectional suffixes from those used in training.
Actually, in our experiments there is evidence for learning over at least two distinct levels, and possibly three. Specifically, a fast-TIPL effect was evident in post-training word recognition (old/ new judgment) in Experiments 1-4. This effect was also obtained for images in Experiment 4, in which the experimental design was balanced for the two types of stimuli. Given the uniform training procedure, it would be unparsimonious to claim a visual learning effect for the images but a non-visual (i.e., a higher-level orthographic) effect for the words. The absence of unequivocally orthographic effects (i.e., transfer to spelling) also calls for a lower-level explanation of this kind of learning, perhaps akin to visual priming, which is evidently the one most readily obtained, that is, with ten repetitions of each item. However, processing of the word stimuli does not stop at the visual level; as noted above, we expect that it would proceed to the activation of orthographic and, subsequently, phonological representations within the time allowed between successive stimuli. Learning at those levels seems to require more intensive reinforcement than what was provided by ten successful color target detections because the effect of individual trials over those levels appears to be very small. Specifically, there was evidence for a small effect in reading accuracy even with ten trials per item in Experiment 4. A facilitation of word identification may conceivably result from lower-level visual processing fluency; more likely, it reflects an emerging orthographic effect at the level of representation involving letters and letter groups of various sizes.
With more trials per item, in Experiments 5 and 6, true orthographic learning was established, evident not only in reading accuracy but also in spelling. In our view this is unlikely to have occurred without phonological involvement strengthening reciprocal connections among word form representations, consistent with the orthographic learning literature. Notably, the reading accuracy effect in these experiments was roughly double that in Experiment 4, consistent with the doubled number of trials. Although post-hoc, this observation suggests that a tiny amount of strengthening may have been effected by each individual trial, which becomes discernible only after incremental effects from a substantial number of repetitions have accumulated. On this view, successive levels of representation along the relevant processing hierarchy benefit simultaneously from visually-based reinforcement, but not to the same extent. It should also not escape our attention that these significant reading accuracy benefits were observed, after only 10-20 exposures per item, in a relatively transparent orthography, in which typical intermediate readers are already highly accurate, in contrast to English (Protopapas, 2017; Seymour, Aro, & Erskine, 2003 ; see also Share, 2008a) .
Interestingly, significant effects on fluency were obtained only after extensive training and only for the more advanced readers, that is, children in Grades 4-5. There are two reasons to expect fluent reading to trail behind accurate reading of the same items. The first reason concerns the learning process itself: A word can be read fluently when it is not only accurately identified but also rapidly and efficiently processed within the stream of words in its context. It is possible to have a lexical representation that is sufficiently well specified to permit accurate reading but not of so high quality as to afford efficient incorporation in the ongoing stream. This is clearly an asymmetrical relationship, as it is difficult to conceive of an efficiently yet inaccurately processed item. Our results expose this asymmetry as expressed in the course of learning.
The second reason is developmental, rather than item-based, and may account for the findings in Experiment 6. Specifically, fluent reading, that is, efficient and rapid processing of sequences of words does not consist in processing the individual words one after the other as a series of isolated items. If that were the case, then the time to read a set of words presented individually would strongly predict the time to read the same words presented simultaneously, in a sentence or in a column or array format. However, this is only true for beginner readers (Grade 2); in contrast, the correlation is substantially lower for more advanced readers (Grade 6; see also de Jong, 2011) . This suggests that reading fluency depends on additional skills, beyond the facility of processing individual words, such as the ability to schedule and monitor efficient endogenously generated processing cascades, in which successive words are processed in parallel through successive stages, as in a processing pipeline ; see also Zoccolotti et al., 2015) . If this skill is not sufficiently developed in the majority of our youngest participants then fluency benefits may not be clearly observed even in the presence of robust learning effects in accuracy and spelling of individual words. Stated more generally, a possible explanation for the fluency findings is that reading fluency measures may not be appropriate for assessing the effects of individual word learning because very little is currently known about the relationship between the recognition of specific words and the reading fluency of texts that contain them, as well as about the extent to which this relationship may depend on reading skill or on other aspects of reading and cognitive development.
Task-irrelevant perceptual learning
An interesting question concerns the factors that are necessary to achieve a TIPL effect. In the initial studies of perceptual learning with TIPL, thousands of stimulus-target pairings were employed, across many training sessions (Watanabe, Nanez, & Sasaki, 2001) , and TIPL was found in the absence of any task requirements on the target-paired stimuli (Seitz & Watanabe, 2003) . In an extreme case, stimuli were presented subliminally, using a binocular suppression paradigm, and learning was achieved through pairing with drops of water delivered through a tube; this was rewarding when participants were food and water deprived, and thus thirsty ). However, in some studies of fast-TIPL when the background task was made irrelevant the effect disappeared (Swallow & Jiang, 2011; or reversed: Dewald et al., 2011) . Beyond task requirement, target salience has also modulated TIPL effects. Specifically, TIPL of low-level perceptual cues has been observed to fail when target-paired stimuli are highly salient (Tsushima, Seitz, & Watanabe, 2008) . In contrast, in the case of fast-TIPL procedures targeting high-level explicit recognition, highly salient target-paired stimuli are routinely learned. As explained below, we suggest that these seemingly contradictory findings can be reconciled through an understanding of the interplay between reinforcement, attention, training intensity, and the explicitness of the training task. Watanabe (2005, 2009) proposed that the primary mechanism for TIPL concerns a spillover of reinforcement from the task-related target processing (or reward) to the neural systems involved in processing the task-irrelevant signals. Support for this in the case of perceptual learning comes from studies in both humans and animals in which TIPL was found through classical conditioning (Frankó, Seitz, & Vogels, 2010; . While this view has been questioned in the case of fast-TIPL (Swallow & Jiang, 2013) , recent evidence suggests that norepinephrine (NE), the reinforcement signal hypothesized by Watanabe (2005, 2009) , may indeed be involved in TIPL (Hoffing & Seitz, 2015) . While direct evidence of how reinforcement signals operate in TIPL is still needed, we suggest that reinforcement plays a key role in gating (e.g. allowing or restricting) TIPL.
In addition to reinforcement, ''attention" is a factor often discussed in the context of fast-TIPL, leading to the alternative terminology of ''attentional boost" (Swallow & Jiang, 2010) . Attention is classically considered a mechanism of selection (Broadbent, 1958) , in that it differentially benefits processing of some features at the expense of others. This view of attention helps reconcile the seemingly disparate findings that salient stimuli impair TIPL (Tsushima et al., 2008) but not fast-TIPL. Specifically, a reconciliation was proposed by Leclercq and Seitz (2012c) , based on the observation that the orienting of spatial attention to target-paired stimuli in fast-TIPL boosted learning, whereas orienting of spatial attention in (slow) TIPL led to an impairment of learning.
Reconciliation of these findings may be sought in the fact that in the (slow) TIPL paradigm the task-irrelevant stimuli are distracting to the main task. Therefore, a model of attentional selection would suggest that processing of the task-irrelevant stimuli should be suppressed (Tsushima, Sasaki, & Watanabe, 2006) . In contrast, in fast-TIPL these stimuli are made relevant to the participant through the dual task requirement. In this case, attention selection should (and in fact does; Leclercq & Seitz, 2012c ) promote processing of those stimuli. This approach explains why learning is impaired in fast-TIPL when the background is made irrelevant and thus distracting. It also explains why fast-TIPL effects are observed when stimuli are attended, without a memorization requirement, as in the present task. Thus, these findings corroborate the model of , in which reinforcement acts as gate, turning learning on and off, and attention selects which features are enhanced or suppressed. Together, these two factors can explain a diverse set of findings involving TIPL and the attentional boost effect.
The remaining facts to consider are the number of trials used to induce learning and the type of representation that is affected. At one extreme is the case of fast-TIPL where a single pairing between an image and a task target, in the case of a dual task, can lead to improved memorization, evident in immediate testing within a session. At the other extreme is the case of (slow) TIPL in which a large number of feature-target pairings over multiple sessions leads to improved sensitivity for that feature that can be assessed in a variety of tasks (Watanabe et al., 2001) . We suggest that a key aspect of the single-trial fast-TIPL result is that the reinforcement due to target-pairing interacts with the participant's explicit intent to memorize the image. The combination of these two factors yields a stronger encoding event than could be achieved with either factor alone.
However, the single pairing may lead to a somewhat specific learning effect that can improve memorization but is insufficient to more broadly enhance the representation of the stimulus features. On the other hand, in the case of (slow) TIPL, numerous co-presentations of the stimulus with the task target may lead to broad enhancement of the stimulus representation through gradually accumulating reinforcement. Such enhancement permits more flexible expression under variable conditions, evident in transfer to distant tasks that may depend on the same (or largely overlapping) representations. The substantial effects on reading and especially spelling performance found in our Experiments 5 and 6, compared to the limited transfer in Experiments 1-4, underscore both the potential of TIPL procedures to enhance underlying representations as well as the crucial role of repeated reward-paired exposure in producing the long-lasting changes that are necessary for downstream flexible expression.
Conclusion and further directions
In sum, we have applied a fast-TIPL procedure to sets of words and have demonstrated incidental orthographic learning expressed in word reading and spelling tasks, consistent with learning transfer between receptive and productive skills. The robustness of training effects depended on intensity, as they appeared in an immediate explicit recognition task after only ten repetitions of each target word, but required double that number to emerge in the implicit transfer tasks. Thus, we have suggested that the TIPL procedure can produce incremental learning simultaneously over two or more distinct levels of representation, raising the possibility that typical (reading-induced) orthographic learning may also consist of a more complex web of reinforced interconnections than usually assumed. Our experiments are only a first step toward presenting and validating a novel procedure that can produce robust, generalizable, and transferrable learning effects. Much more work remains to be conducted in order to elucidate the loci and properties of the learning effects produced by incidental learning and to determine whether they are similar to those obtained in more naturalistic reading settings. In particular, the involvement of phonological representations, the contribution of pre-existing wordspecific orthographic representations vs. general orthographic patterns, the conditions of implicit phonological activation and its role in the attainment and strengthening of lower-vs. higher-level orthographic representations, will require additional experiments designed to probe these issues.
Importantly, the transfer effects observed in our experiments after more extensive training (Experiments 5-6) were longlasting, evident one week after training in the spelling tests. This suggests that studies based on fast-TIPL can help understand the formation of lasting orthographic patterns through representation-enhancing reward signals, leading to consolidation of word-specific and generalizable orthographic patterns. Rather than being seen merely as a contrived lab curiosity, the fast-TIPL procedure suggests a model of reading-based orthographic learning whereby the successful decoding of a word results not only in the activation of its phonological form but also in a ''reward" signal modulating the connections between the indirectly activated phonological form and the visually-based orthographic form. That is, complementary to current thinking about the conditions for becoming an expert sight-word reader, incidental learning procedures may help us broaden our understanding of learning to read by incorporating an explicit appreciation of more general-and indispensable-learning factors and processes. This way we can also determine the extent to which conscious effort directed at the act of reading, and deliberate decoding per se, may or may not constitute critical factors in the development of reading skill in general and orthographic learning in particular.
Moreover, incidental learning procedures employing reward contingencies within attractive and not too challenging interaction settings may have useful educational applications in orthographic learning and other domains of intervention. Stable, fully specified and efficiently accessible knowledge of phonological and orthographic word forms constitutes a crucial component of lexical quality underlying skilled comprehension (Perfetti, 2007) . Thus the present study opens up an avenue for exploration of learning effects with potentially great theoretical and practical implications for reading and educational research.
